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Supplementary Methods

Illuminating the sample in cAFM measurements
Proper illumination of the tip apex/sample area was ensured using the following methods: We employed AdvancedTEC ContPt AFM probes (Nanosensors) tips, often referred to as elephant tips, since the tip protrudes from the end of the cantilever such that the tip apex is in the line of sight of the top objective. The 0.4 NA objective was used to focus the light onto the tip apex/sample from top down with a 24 degree half angle, ensuring uniform illumination of the tip/sample region. In addition, we obtained similar results using a second AFM with bottom illumination, however, with more lateral drift. Employing a traditional rectangular AFM cantilever with top down illumination did show shadowing effects in the form of reduced signalto-noise ratio.
Calculating mean of current variance and histogram
Variance, rather than standard deviation, was used to determine the spread in the ISC values within grains because the current distribution is not Gaussian due to the lower limit of 0 pA at short circuit conditions. To eliminate outliers from the variance calculation, a Gaussian blur (1.5) was applied to the ISC map. Then, for each facet area, the outlier current values (pixels) above and below the 75 th and 25 th percentile, respectively, were removed from the distribution. The variance was calculated for the remaining current values in the facet. Then, the mean was taken of the calculated variance values for each facet.
The following describes the details of how the histogram in Figure 3c was calculated to establish the significant of the mean current variance in the facets. First, the number of facets identified from the gradient image and the number of pixels in each facet was determined. Then, for each identified facet, a square having an equivalent number of pixels was placed in a random position on the ISC; this was done for all the equivalent 'facets' at once. The variance was calculated for ISC values in each of the squares and their mean was calculated. This process represents each data point plotted in the histogram. The process of randomly placing all the squares, calculating the variance of the current in each, and then taking the mean of the variances was performed 2000 times to generate all the data in the histogram.
First principles calculations
To understand the consequences of internal electric fields on the atomic and electronic structure of (CH3NH3)PbI3, we performed first principles density functional theory (DFT) calculations including spin-orbit coupling (SOC). Microscopically, (CH3NH3)PbI3 takes up a perovskite-like phase, consisting of corner-sharing PbI6 octahedra with the methylammonium (MA) ions on the A sites [3] [4] [5] . At room temperature, the MA molecules are randomly-oriented and explore several local energy minima separated by small energy barriers on the order of 10 meV 6, 7 , resulting, on average, in a vanishingly small macroscopic polarization and a centrosymmetric phase. However, at room temperature, an external electric field would be expected to simultaneously align the MA molecules and off-center the Pb ion in the inorganic cage. The displacement of the Pb cation relative to the I6 octahedra causes a polar distortion in the structure that leads to the emergence of a significant polarization along the direction of the field.
The description of the experimental structure in the regime of low electric fields requires special attention. We use the experimentally reported room temperature tetragonal structure 3, 8 [4] [5] [6] .
The total polarization was calculated using the modern theory of polarization 9 as implemented in VASP. The macroscopic polarization of the polar structure 4 was calculated with respect to the experimentally observed room-temperature tetragonal structure 1 3, 8 . The path connecting the polar and the non-polar structures was subdivided in 20 structures. For three of these structures (with MA alignment angles α of 45°, 90° and 135°) we additionally determined the effective masses as described above. We compute a total polarization of 12.5 μC/cm 2 , in agreement with previous calculations 10 . We further estimated the contribution of the methylammonium (MA) molecules to the polarization by constructing a path connecting structures with parallel and antiparallel alignment of MA (without octahedral rotations of the iodine cage). We calculate the molecular contribution to the macroscopic polarization to be 5.3 μC/cm 2 and use this value to estimate the electric field Ec required to align the MA molecules to be 10 5 V/cm using the relationship EcP ~ ΔE/V, where the volume V and polarization P are obtained from our first principles calculations and ΔE is an estimation of the energy that has to be overcome to polarize the system 6, 7 .
Supplementary Note 1
At each measurement position, the fill factor and ISC could vary; thus, only VOC values relative to the applied bias can be determined. Ideally, VOC would be determined by measuring local current-voltage curves with cAFM or using scanning potentiometry, but neither of these techniques were successful nor reproducible on MAPbI3-xClx: Applying a moderate bias between the FTO and the sharp AFM tip results in very large electric fields, which degrades of the MAPbI3-xClx surface and the AFM tip when the tip is at a single point for more than one second. The relative bias of 0.6 V was selected for the image in Figure 2c in the main text because at 0.6 V the average current measured with the Pt/Ir coated AFM tip was approximately zero.
Supplementary Note 2
Ion migration is mitigated in the measurement of ISC because no bias is applied. And, the electric field applied to measure VOC opposes the built-in electric field, thus reducing the effective internal electric field even further, ensuring that the probed system remains far from the regime in which ion migration defines optoelectronic properties. Additionally, the tip is in contact with the sample for less than 2 ms, which is not long enough for ion migration at the biases used. Ion migration is expected to be reduced in these samples because the hysteresis is minimal ( Supplementary Fig. 4 ), the current is stable at the maximum power point, and the VOC is stable (Supplementary Fig. 5 ). These results suggest that ion migration in our films is not dominant in the bias range measured here. 
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Supplementary Note 3
We have observed three main artifacts that convolute the current measurement when employing traditional contact mode AFM for conductive AFM measurements, which could lead to substantial misinterpretation of local photocurrent maps. In the following, we describe the main artifacts of traditional contact AFM for other researchers to be aware of. In one case, the tip dragging on the surface causes the tip to become coated with material due to frictional forces. This material is likely some form of precursor because it is non-conductive and thus causes the AFM tip to be non-conductive. We imaged the AFM tips via scanning electron microscopy before and after measuring the perovskite samples by traditional cAFM, and observed large transferred pieces of material on the tip after scanning. The other two artifacts are both due to changes in the electrical contact area between the tip and the sample and can be seen in the error signal image. In the first artifact, if the integral gain is too high, the tip oscillates on the surface and more current is measured. In the second artifact, if the set point is such that the error signal varies significantly due to changes in the topography, no current is measured in areas with low error signal. In contrast, when measuring in PinPoint mode, these artifacts do not exist and there are almost no features in the error signal. Examples of these artifacts are shown below in Supplementary Figure 2 .
Supplementary Discussion
Alternative mechanisms for ISC and VOC heterogeneity
The observed heterogeneity could be explained by local variations in surface potential, local doping, variations in mobility along different crystallographic directions, and variations in conductivity of the FTO and TiO2 layers. We measured the surface potential using Kelvin probe force microscopy (KPFM) and did not observe any heterogeneity, but these measurements were performed under ambient conditions. Other reports of KPFM on perovskites also do not observe grain or facet dependent heterogeneity 1, 2 . Thus, it is highly unlikely that variations in the surface potential exist. We also considered local variations in doping or carrier concentrations but these variations would manifest as heterogeneity between grains rather than within a grain. Thus, variation in doping does not describe the facet dependence. We carefully considered variations in mobility to describe the facet dependent heterogeneity; however, there are two main reasons why mobility variations are found to not be responsible for the observed heterogeneity. (1) First principles density functional theory was used to calculate the effective masses along different crystallographic directions. The effective mass varies by less than a factor of two along different crystallographic directions. (2) Without extreme variations in mobilities along different directions, the current should flow along a direct path between the TiO2 and the AFM tip due to the electric field. Thus, variations in mobility would be observed as inter-grain rather than intragrain heterogeneity. Finally, we considered the TiO2 and FTO layers. The FTO has a much larger grain structure than the heterogeneity we observe in the perovskite. TiO2 conformally coats the FTO layer, and the grains are much smaller than those in the perovskite. For both layers the length scales of the grains do not match the observed VOC and ISC heterogeneity in the perovskite.
Alternative mechanisms for high bias drift current heterogeneity Drift current is defined as: = µ = * , where q is the charge of an electron, n is the carrier concentration, µ is the carrier mobility, E is the magnitude of the electric field, τ is the scattering time, and m * is the effective mass. If the carrier concentration, n, was responsible for the heterogeneity, we would observe this effect at low biases and, as described above, it would not be a facet dependent effect. Thus, we can eliminate variations in carrier concentration as the cause of heterogeneity. The DFT calculations show that variations in mobility at high bias can explain the effect we observe here. Ion migration may play a role, though, based on Supplementary Fig. 16 , we expect it to be a minor effect below 3 V. Supplementary Tables   Supplementary Table 1 . Total energies, lattice parameters and cell volume of structures 1 -6. The total energy refers to a single point calculation including SOC and a 6x6x6 k-point mesh. 
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